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To understand better the range of conditions upporting stereoscopic vision, we explored the effects 
of speed, as well as specific optic flow patterns, on judgments of the depth, near or far of fixation, of 
large targets briefly presented in the upper periphery. They had large disparities (1-6 deg) and 
moved at high speeds (20--100 deg/sec). Motion was either vertical or horizontal, as well as either 
unidirectional or layered in bands of alternating directions (opponent-motion). High stimulus 
speeds can extend dmax. The effects are explained by models having linear filters that signal both 
faster speeds and larger disparities. Stereo depth localization can also be enhanced by opponent- 
motion even when kinetic depth itself is not apparent. Improvements are greatest with wide-field, 
horizontal opponent-motion. The results imply functions such as vection, posture-control, and 
vergence may benefit from disparity information enhanced by optic flow patterns that are 
commonly available to a moving, binocular observer. © 1998 Elsevier Science Ltd. All rights 
reserved. 
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INTRODUCTION 
Our understanding of stereoscopic vision can benefit 
from exploring the range of conditions where it occurs, 
and the visual field of a moving binocular observer often 
contains large patterns, at large disparities, and moving at 
high speeds. While there have been few psychophysical 
studies of interactions between these stimulus compo- 
nents, results from physiological studies have indicated 
the importance of large-scale visual information for a 
number of tasks. These include, among others, perceiving 
and controlling self-motion (Roy, Komatsu & Wurtz, 
1992). 
It is well known that a moving observer can use the 
depth information in monocular motion patterns alone 
(review of early work in Gibson, 1979; Lee, 1980) and 
there have been a number of studies of how depth is 
perceived from monocular optic flow (van den Berg & 
Brenner, 1994; Ziegler & Dowling, 1995, among others). 
Helmholtz (1866/1962) had noted how this depth-from- 
motion is closely related to stereopsis. Indeed, relation- 
ships between these cues have been investigated (e.g., 
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Rogers & Collett, 1982; Rogers & Graham, 1982; Nawrot 
& Blake, 1993; Uomori & Nishida, 1994) and proposals 
made for how both are integrated in perceiving depth 
(Richards, 1985; Nawrot & Blake, 1991; Norman & 
Todd, 1995). 
These previous studies of interactions between 
stereopsis and depth-from-motion, however, have been 
limited to small disparities, typically less than 20 min or 
so, when a target appears single or fused. With fine 
stereopsis one can perceive 3-D surface shape (Julesz, 
1971; Ziegler & Hess, 1997). On the other hand, the 
visual field typically contains images with several 
degrees of disparity. Then objects often appear double 
or diplopic (outside Panum's fusion area) and surface 
shape perception is not supported (Ziegler & Hess, in 
press). Nevertheless it is well established that depth is 
perceived even at large disparities (Ogle, 1952; West- 
heimer & Tanzman, 1956; Blakemore, 1970; Bishop & 
Henry, 1971; Ziegler & Hess, 1997; Ziegler & Hess, in 
press). For a given stimulus, as disparity is increased the 
amount of depth experienced forms a continuum that 
increases to a peak near the fusion limit and disappears 
completely at a few degrees (Richards, 1971; Schor & 
Wood, 1983; review in Tyler, 1991). Therefore, past the 
fusion limit, depth perception with coarse stereopsis is 
not veridical because the physical depth of real objects 
continues to increase with disparity. Nevertheless, the 
depth percept is measurable and repeatable, and can 
provide whether an object is nearer or farther than the 
point of fixation. 
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FIGURE 1. Because a moving binocular observer often fixates at 
points in the environment, optic flow patterns on the retinae tend to 
have elements whose speeds increase with their disparities. This 
tendency holds for the components of optic flows when an observer 
moves in any direction other than exactly along the line of sight. 
Our study was motivated by this coarse-fine dichot- 
omy and its relation to the visual ecology of moving, 
binocular observers (Gibson, 1979; Roy et al., 1992). 
Since fine stereopsis better foveally, animals with good 
stereoscopic vision have evolved the ability to track a 
target, that is, to maintain its image in central vision and 
reduce its motion on the fovea (visual pursuit). Fine 
stereopsis has been shown to be unaffected by speeds of 
up to 2.5 deg/sec (Westheimer & McKee, 1978). On the 
other hand, large-disparity images at much higher speeds 
occur frequently in the peripheral visual field. Further- 
more, simple geometric onsiderations suggest hat in a 
natural context speed and disparity tend to co-vary, that 
is, when a moving observer fixates on a stationary target, 
elements of the stationary background with larger 
disparities have faster speeds (Fig. 1). The ecology thus 
suggested that any interactions between motion and 
stereopsis at large disparities may be more apparent in the 
periphery. 
That these interactions might be different at large than 
at small disparities was also suggested by the work of 
Poggio (1991), who identified separate classes of 
reciprocal and tuned cells that are related to the coarse/ 
fine distinction. While it may be yet unclear exactly how 
these cells may participate in stages of cortical processing 
(Howard & Rogers, 1995, pp. 135-137), there is 
physiological as well as psychophysical evidence for 
associating coarse stereopsis with the magnocellular 
LGN pathway (Tyler, 1990). Cells in extrastriate r gions 
of primates that receive inputs from that pathway have 
been shown to be sensitive both to speed and disparity 
(Roy et al., 1992; see Discussion). 
Therefore, the possibility that interactions in the 
periphery may be more apparent when stimulus par- 
ameters are at an environmental scale led us to examine 
interactions there between high speeds and large 
disparities. We found that not only was depth perception 
in our task unimpaired at high speeds, but also it can 
sometimes be enhanced. Since the visual field often 
contains opponent-motion, we also investigated its effect 
and found it also can improve stereo sensitivity in some 
cases, even without what is typically considered kinetic 
depth. The best performance occurred with a wide pattern 
containing horizontal opponent-motion. 
METHODS 
Observers 
Three observers participated, the first author and two 
paid volunteers. Each had normal visual acuity while 
wearing their corrective lenses. They had participated in 
previous stereo experiments and/or were known to have 
normal stereopsis and fusion limits in each direction in 
depth. 
Design 
Sessions were divided into blocks each containing a 
random sequence of trials in a balanced combination of 
disparities and their signs (± for crossed and uncrossed). 
Speed was constant within a block and that of the first 
block varied between sessions. For each trial, target 
motion was either right or left, chosen at random. We 
used three speeds (20, 40, and 60 deg/sec) and a range of 
disparities (1-6 deg). For one subject (LW) a set of 
disparities was assigned about the point for each speed 
where pilot data indicated the significance threshold. 
Viewing conditions 
Observers at in the dark in a windowless room with 
flat, black interior surfaces. They were head-stabilized 
with a chin cup and forehead rest at a viewing distance of 
57 cm. A 2 deg fixation cross at a luminance about one- 
tenth of the dots' was continuously visible near eye-level. 
Omitting the central half of the cross prompted observers 
that the computer was ready for the next trial. 
Target luminance was very low. This was both for 
comfort and to keep cross-talk* below threshold. It was 
estimated at 0.001 cd/m 2 by first measuring that of a 
white patch on the screen. With background luminance 
practically immeasurable, this value was calculated from 
the target's average ratio of white-to-black pixels. 
Stimuli 
Each trial consisted of the motion of a new pattern, 
broadband in its luminance spatial frequency spectrum, 
*Contamination between the eyes' views. In part this may be due to a 
lack of complete lens opacity in the stereo-glasses. Using a 
continuous light source, however, we also found that each lens was 
partially transparent for 8.8 msec, slightly longer than the stereo 
half-cycle.In principle, even though cross-talk might create three 
alias inputs, the two strong-weak luminance-matched pairs would 
be at fixation so would not aid the task. The "twin", at the same 
disparity but opposite sign as the main strong-strong image, would 
only be weak-weak. 
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composed of approx. 100 white dots (single pixels (a) 
approx. 6 min wide) uniform-randomly distributed with- 
in a rectangular strip 15 deg high over the entire 87 deg 
screen width (Fig. 2). Average separation between dots 
was approx. 3.7 deg. The bottom of the strip was 15 deg 
above fixation so the task would not be trivial. 
Brief exposures prevented contamination from eye 
movements. A single stimulus consisted of 10 half- 
frames for a duration of 82-83 msec*.The actual timing 
values were measured with the system clock and checked 
after each experiment. Timing exceptions occurred only 
for two or three of the thousands of trials reported here, 
and those data were omitted from analysis. This duration 
is well below vergence latencies (typically 160- 
200 msec; Rashbass & Westheimer, 1961; Stevenson, 
Cormack & Schor, 1994). Although smaller latencies 
have been reported for pursuit (ocular-following) (70- 
75 msec; Gelman, Carl & Miles, 1990), the stimuli there 
were in central vision. The distance of our stimuli from 
fixation, as well as the disparities (Howard & Ohmi, 
1984; Howard & Simpson, 1989) made evoking those 
mechanisms unlikely. Motion direction was also rando- 
mized for each trial, one of several precautions taken 
against possible adoption of an eye-movement strategy to 
perform the task. 
Furthermore, care was taken in designing the stimulus 
to insure that the task could only be solved by perceiving 
depth. Dot density was kept constant, and motion 
displacement was wrapped?. To avoid possible mono- 
cular cues each eye saw the stimulus as having a constant 
angular width, regardless of disparity or motion. This was 
accomplished using the computer's internal 3-D graphics 
capabilities that allowed dot coordinates in virtual space 
to be generated wider than the screen. In that way neither 
the disparities nor motion brought an edge of the pattern 
into view~:. Although it may seem by this description that 
the dots could appear at times as if viewed through a 
window in the fixation plane formed by the screen, that 
*Although the computer's multitasking system was dedicated uring 
the experiments by disabling remote use, it was possible that 
internal processes could interrupt frame sequencing. Therefore, 
stimulus durations were measured with the computer's clock, and 
found to be generally very reliable (SD < 1 msec). 
+If the value of a dot' s location due to its motion displacement in a new 
frame exceeded a boundary, it was repositioned by that same 
amount from the opposite side. 
SAn undesired cue (a monocular edge) was at least conceivable if this 
precaution had not been observed. If access to eye-of-origin 
information or simply a better signal in one eye than the other is 
assumed then, for example, in the right eye's view for uncrossed 
disparities the target's left border would be to the fight of the 
maximum extent experienced (the screen edge). 
§The time between the initial rise of phosphor luminance and its decay 
to 5% of peak was 3.5 msec, as measured through the glasses with a 
fast photodiode. 
q~rhe physical screen position may be technically distinct from the 
zero-disparity boundary, due to the slant of the vertical midline 
horopter (Nakayama, 1977). This distinction mattered little, 
however, because the screen location in the dark could be only 
extrapolated, and feedback gave each observer confidence in 
judging the near/far boundary. 
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FIGURE 2. (a) Schematic representation of our experiment where 
observers made near/far judgments of a stereoscopically presented set 
of moving dots. Only the cross and dots were actually visible. In all but 
the last experiment the dot-pattern was 87 deg wide. (b) The timing 
during each trial. 
was not experienced. Rather, a group of moving dots was 
seen simply as nearer or farther in depth than the cross. 
Apparatus 
A computer (Silicon Graphics, Indigo 2 XL) was used 
to control each experiment and to feed a video projector 
(Electrohome, ECP-4100) that back-projected onto a 
large translucent angent screen of white paper over 
Plexiglas (Crist & Robinson, 1989). Resolution was 1280 
(H) by 1024 (V) pixels. With the computer and monitor in 
stereo mode, half-images were presented at 120Hz, 
alternating in the odd and even raster scan lines. These 
were synchronized with the alternating lens transpar- 
encies of stereo-glasses (Stereographics, "CrystalEyes") 
so each eye saw its images at 60 Hz§. The glasses 
provided excellent image registration over the entire 
field, compared with alternatives such as mirror stereo- 
scopes. 
Procedure 
Observers first dark-adapted for 5 min, then initiated 
trials with the middle mouse button. The target appeared 
after a random delay of 0.0-0.5 sec (Fig. 2). Pressing the 
left and right mouse buttons indicated near or far~. An 
error resulted in an audible tone as feedback. For 
independence, a delay of 1 sec was introduced between 
trials. 
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Data analysis 
Performance in terms of percent-correct was calculated 
for each condition by ignoring motion direction. This 
allowed an easy test of significance from the number of 
trials using the binomial theorem, as in judging whether a
coin is fair after a sequence of tosses. 
Although our conclusions would be identical, instead 
of merely reporting overall percent-correct, however, we 
plotted what is purportedly a less distorted measure of 
sensitivity based upon signal detection theory (Macmil- 
lan & Creelman, 1991), "d"': 
d '  = Z(Phits) -- z(Pfalse-alarms) 
Choosing the correct classification of "near" arbitrarily 
as a "hit", then: 
d' = z(Pc,ossea) + Z(Pu,crossea) 
where Pcrossed, for example, is the proportion correct for 
the set of trials with crossed disparities. 
We used the correction suggested (Macmillan & 
Creelman, 1991, p. 368) for cases of perfect performance. 
Results and discussion 
At 20 deg/sec all three observers performed poorly and 
the variation among observers was greatest (Fig. 3). 
Performance, however, consistently improved with 
speed, and was more similar among observers at the 
two fastest speeds. The largest disparity resulting in 
above-chance performance (P < 0.05), an estimate of 
dma~, consistently increased with speed. 
Some of the enhancement of stereo with speed may be 
explained by temporal integration and the manner that 
binocular correspondence occurs during horizontal mo- 
tion. That is, there exists a time window following the 
instant he stimulus is experienced by one eye that allows 
for a match with subsequent s imulation of the other eye. 
Then matching may benefit from motion. For example, 
performance with a static set of dots at a very large 
crossed disparity (larger than the upper disparity limit) 
may be at chance. But rightward motion would lower the 
effective disparity to within the upper disparity limit (Fig. 
4). This results in an apparent improvement when the 
larger disparities benefit from faster speeds. This example 
could be applied equally to either motion direction and 
either sign of disparity, so could occur in nature as well. 
Our analysis found observers tended to default to 
reporting "near" at the largest disparities when they were 
guessing. This bias was accentuated by speed but 
declined with repeated exposures. Also since our 
experiments were balanced by sign of disparity this bias 
had no significant effect on our conclusions. 
Another observation was that even though our stimulus 
duration was too brief to allow the eyes to track the 
target's motion, at the slowest speed (20 deg/sec) there 
was a definite subjective xperience of one's attention 
being directed to track the target. That is, the phenom- 
enon was as if one's cognitive or attentional pointer 
(Cavanagh, 1992) was trying to follow the target motion. 
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FIGURE 3. Depth sensitivities measured in discriminating near or far 
of fixation in the first experiment (horizontal, wide-field, unidirectional 
motion). 
Maximum useful velocity 
We were curious if the improvement in performance 
would continue if we tested one subject at higher 
velocities. We also used a briefer duration of 50 msec. 
A speed of 80 deg/sec resulted in the best overall 
performance (Fig. 5). The optimum speed most likely 
depends on the spatial frequency components of the 
stimulus. However, this is near the speed that gave the 
best performance in another study on speed/stereo 
interactions under quite different conditions (Morgan & 
Castet, 1995, see Discussion). At 100 deg/sec, a speed 
where the image began to appear blurred, as reported for 
real images (Whiteside & Samuel, 1970), the curve is 
relatively flat, yet all values are significant (P < 0.05). 
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FIGURE 4. Motion during the stereo integration period may reduce the effective disparity----one reason dmax is extended by 
faster speeds (see text for discussion). This applies to either crossed or uncrossed disparities as well as either motion direction. 
The shorter exposure time of 50 msec (only in this 
experiment) provided further evidence that eye-move- 
ment contamination had not occurred. Also, performance 
at the two slower speeds is only slightly worse than for 
the same speeds in Experiment 1. This is consistent with 
reports of a stereo processing time for large disparities of 
approx. 50 msec (although the time increases for smaller 
disparities, Tyler, 1991; review in Howard & Rogers, 
1995, pp. 183-185). 
Flicker stimulus 
We performed a control experiment to rule out that a 
stronger stereoscopic signal was created at faster speeds 
simply because of the increased path-length of moving 
dots that conceivably might have stimulate more 
binocular receptive fields. It seemed reasonable that a 
flicker pattern of the same density would stimulate at 
least as much of the visual field as motion. We used the 
same conditions as before, except a new random set of 
dots appeared in each frame. Results [Fig. 6(b)] do show 
improvements for small disparities over the case where 
the dots were motionless [Fig. 6(a)]. Performance, 
however, at large disparities was poor compared with 
that with motion. This suggests that the cause of the 
improvements was not that more receptive fields were 
stimulated with increasing speed. 
Brownian motion 
We did not believe that our results were due to the local 
motions of the individual dots. An interesting suggestion 
was made, however, to try our experiment using 
Brownian or random-walk dot motion, where for each 
frame and for each dot, the displacement-direction was 
random and distributed uniformly from 0 to 360 deg. 
Although we did not think that Brownian motion would 
enhance performance like our coherent motion patterns, 
it seemed a good test of whether the enhancement by 
speed was due to local dot motion. If the effects were due 
only to the speed of each dot then one might expect 
performance equivalent to that in Experiment 1. 
We found, however, with Brownian motion the task to 
be impossible for speeds of 20 and 40 deg/sec. The 
results for 80 deg/sec [Fig. 6(c)] at the large disparities 
were much worse than in the first experiment. This 
appears to support he view that the enhancement with 
speed depends upon the large stimulus components (see 
Discussion) that are not consistent on a frame-by-frame 
basis in Brownian motion. 
Horizontal opponent-motion 
The interaction between speed and disparity was also 
investigated with opponent-motion. Opponent-motion 
appears to stimulate different mechanisms than unidirec- 
tional motion (McKee & Nakayama, 1984; Nawrot & 
Sekuler, 1990) and under some conditions can provide 
for monocular depth-from-motion (kinetic depth effect, 
Wallach & O'Connell, 1953). 
This set of stimuli was created by dividing the height of 
the previous target into four imaginary horizontal bands. 
The motion direction of dots within a band, left or right, 
alternated between bands, and the patterns (L -R -L -R  or 
R -L -R -L )  were presented randomly over trials. Dis- 
parities were the same for all dots in a given trial*. 
Speeds of 40 and 60 deg/sec were used. 
With these brief exposures in the periphery this 
stimulus did not provide an experience of kinetic depth 
(depth-from-motion). All observers reported merely a 
vague appreciation of the organization of the motion. 
*None of the observers could perform the task where, in the same 
stimulus, the sign of disparity alternated between bands. 
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FIGURE 5. The optimum speed was approx. 80 deg/sec. At 100 deg/ 
sec motion was blurred, although each of the values at that speed are 
significantly above chance performance. 
They could tell that dots were moving in different 
directions, but what may typically be considered the 
kinetic depth effect, even with the stimulus viewed 
monocularly, was not apparent. 
The pattern of results is fairly consistent among 
observers [Fig. 7(a)]. At disparities of 1 and 2 deg there 
was no improvement with increasing speed• At the larger 
disparities, average performance was enhanced signifi- 
cantly• 
For comparison with the unidirectional case we have 
replotted the corresponding values [Fig. 7(b)]. This 
allows the direct comparison of the effects of opponent- 
motion with unidirectional motion under identical 
conditions• The most significant difference is at a 
disparity of 5 deg. This demonstrates that increasing 
speed has a greater effect when used in combination with 
opponent-motion than with unidirectional motion, parti- 
cularly at the largest disparities. This is not explained by 
temporal integration. Furthermore, without postulating 
an additional mechanism (McKee & Nakayama, 1984), 
the effect also appears not to be due to the increased 
relative speed between bands. As we have discussed, an 
earlier experiment with very similar conditions found 
performance was poorer with a speed above 80 deg/sec. 
It appears that enhancements from opponent-motion 
might be explained, however, by the manner that kinetic 
depth signals may combine with those from stereopsis. 
That kinetic depth is processed early (Petersik, 1996) and 
interacts with stereopsis at this stage has been supported 
by a number of studies (Nawrot & Blake, 1991). Kinetic 
depth was not directly perceptible in our opponent- 
motion stimulus monocularly or binocularly. Yet it is 
possible a subthreshold kinetic depth signal may have 
simply added to a stereo signal, also below threshold at 
large disparities, to push the combined epth signal above 
threshold for perceiving depth (Fig. 8). This would 
effectively increase dm~x. 
Vertical unidirectional and opponent motion 
We next used the same wide target shape but with 
vertical dot motion• The results for the unidirectional 
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FIGURE 6. Control experiments resulted in these measures ofdepth 
sensitivity. Conditions were as identical as possible to the first except 
stimuli were (a) static dots; (b) flicker; and (c) Brownian motion (see 
text for discussion). 
case show some enhancement with speed (Fig. 9). 
Opponent-motion, however, did not enhance perfor- 
mance vertically as it had horizontally. 
However, this target was much wider than tall and 
might have provided an unfair comparison of the effects 
of motion direction. Also, phenomenally these stimuli 
appeared much less natural than their horizontal counter- 
parts. For example, downward motion in one direction 
had the appearance of raindrops falling off the roof of a 
lighted porch at night, although faster than normal, hardly 
a common visual experience. Furthermore, in terms of 
spatial frequency content, more cycles of the lower 
spatial frequency components were present horizontally 
than vertically. Our next experiment controlled for this 
stimulus asymmetry. 
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Experiment with equal range for horizontal and vertical 
motion 
To determine whether target shape was responsible for 
the differences we found between vertical and horizontal 
motion, we confined dots to an imaginary square 
(20deg x 20deg) in the upper left quadrant. The 
lower-right corner was 10 deg above and 10 deg left of 
fixation. Dot density remained the same and speed was 
60 deg/sec. Blocks of trials contained a mix of all four 
conditions: unidirectional or opponent motions, and 
horizontal or vertical directions. 
Even with an equal range for vertical and horizontal 
motion, however, we found performance enhanced only 
by horizontal not vertical motion (Fig. 10). This 
anisometry may be partially explained by the change in 
effective disparity (Fig. 4). It is also consistent with the 
results of studies by Morgan and Tyler (1995) that began 
with the observation that dynamic visual noise provides 
only horizontal rotation in depth if one eye's view is 
through a neutral density filter. They developed addi- 
tional experiments hat also support a stereo anisometry 
for motion direction. 
Opponent-motion produced a significant improvement 
for only one of the observers, although in that case it was 
only with horizontal motion and thus consistent with our 
FIGURE 8. How depth from opponent-motion may combine additively 
with stereo signals: (a) stereoscopic depth alone (at subthreshold 
level); (b) kinetic depth from opponent-motion (four-layer) alone; and 
(c) stereo and kinetic depth combined; this raises one-half of the 
pattern to above threshold. The other half does not counter this effect. 
This could effectively increase d~x. 
other results. Improvements were not nearly as great as 
with the wide target (cf. Figure 7). Larger targets extend 
dm~ (Tyler & Julesz, 1980) by providing greater 
coverage in the periphery where low spatial frequency 
filters predominate. Thus, interactions of stimulus size 
and speed can be explained by linear filter models (see 
below). 
DISCUSSION 
Stereoscopic depth is available from large, fast-moving 
patterns in the periphery. We have shown that not only is 
stereopsis not degraded by high speeds, but also at times 
it can be enhanced. The improvements may be explained 
by temporal integration when better matching occurs for 
low frequency components at large disparities. Natural 
scenes have spectra weighed more heavily with low 
frequencies than the stimuli used here that, on average, 
had a uniform spectrum (Field, 1987). The results uggest 
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FIGURE 9. Vertical motion in the same 87 deg x 15 deg pattern resulted in these measures of depth. There is much less improvement with speed 
and no enhancement from opponent-motion. 
that moving observers may be more sensitive than when 
stationary to the large disparities in natural scenes. These 
cooperative effects may even be more demonstrable with 
artificial stimuli whose spectra is weighted toward low 
frequencies. 
We have also described significant interactions regard- 
ing stereo depth-sensitivity between speed and opponent- 
motion. This may be due to relatively independent 
monocular mechanisms that, operating below threshold, 
nevertheless contribute to stereo performance. This effect 
was apparent with horizontal and not vertical motion. Our 
findings support the ecological view that horizontal 
opponent-motion holds a special place among the optic 
flow components of large-field vision. 
Another report of stereopsis at high speeds 
Other researchers have used a near/far task and found 
an increase in performance with stimulus peed (Morgan 
& Castet, 1995). There were a number of differences, 
however, between their experiment and our own. They 
measured stereoacuity so their stimuli had small 
disparities, while we were concerned only with the upper 
disparity limit for coarse stereopsis. Also their targets 
were vertical sine gratings moving only horizontally in 
central vision and viewed at room-lighting levels. 
On the other hand, there may be more in common than 
at first realized between the Morgan and Castet (1995) 
experiments and our own. This may be so especially with 
regard to possible subthreshold kinetic depth effects due 
to eye movements that were not controlled; their 
exposure time was 500 msec. Vergence latencies as short 
as 160 msec have been reported (Rashbass & Westhei- 
mer, 1961; Stevenson et al., 1994) and it would not take 
long for the eyes to fixate on a moving central target. 
Observers are not aware of vergence change (Erkelens & 
Collewijn, 1985). Once a central target is fixated it 
provides astrong stimulus for pursuit eye movements hat 
have short latencies (50-75 msec, Gelman et al., 1990) 
and random elements in the periphery do not guarantee an 
eye-movement lock (Wyatt, Pola & Lustgarten, 1988). 
Therefore, the retinal image of the background pattern 
might effectively have been in motion as the eyes tracked 
the target. For each trial the actual stimulus might be 
described then as motion of the grating in central vision 
transforming into motion of the background pattern in the 
opposite direction, so with opponent-motion present, at 
least transiently. Thus, kinetic depth may have con- 
tributed to their results as it did to ours. 
Nevertheless, our findings and those of Morgan and 
Castet (1995) taken together may suggest that speed 
improves tereopsis generally over the entire visual field. 
They explain their results in terms of filters with 
spatiotemporal tuning, along with an upper limit in 
temporal frequency response of 30-40 Hz regardless of 
spatial frequency. Although it cannot be determine 
precisely from their Fig. 2, their results suggest a broad 
tuning, and it appears that the optimum speed we found is 
near the best common performance over the four spatial 
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two motion directions, and the results using a full-factorial design 
support he theory that horizontal opponent-motion s best. Solid 
symbols, horizontal motion; open symbols, vertical motion. Circles, 
unidirectional; squares, opponent-motion. 
frequencies they tested, a three octave range (0.04- 
0.32 cpd). 
Furthermore, a uniformity across the visual field has 
been reported for temporal sensitivities (only a factor of 
2, Waugh & Hess, 1994). Differences in motion 
sensitivities appear only due to an increase in spatial 
scale with eccentricity (average receptive field size 
increase, reciprocal of cortical magnification factor) 
(McKee & Nakayama, 1984; Johnston & Wright, 1986; 
van de Grind, Koenderink, van Doom, Milders & 
Voerman, 1993). Stereoacuity thresholds have been 
reported to decline slowly with eccentricity for low 
spatial frequencies (Siderov & Harwerth, 1995). Thus, 
once scale adjustments are made, it appears likely that 
enhancement of stereo by motion is common across the 
visual field. 
Physiology and models of early vision 
These findings are consistent with those from a 
physiological study that has located cells in extrastriate 
region MST of the macaque monkey that receive signals 
directly or indirectly from primary visual cortex and are 
associated both with depth perception and eye move- 
ments. Cells there have been found that respond both to 
optic flow speed and disparity (Roy et al., 1992, their Figs 
12 and 13). Evidence from that study resulted in the 
suggestion that such cells could signal an observer's 
perception of self-motion. Those signals may either be 
associated with the direct appreciation of depth as 
reported here, or provide implicit inputs to behavior, as 
when motor patterns have become automatized. 
While models of these stages of cortical motion and 
stereo processing are only being developed at this time, it 
is commonly accepted that early vision may be described 
by a model of linear filters. This model includes at each 
location in the visual field a set of filters with each tuned 
to a particular spatial frequency (review in Wilson, 
1991). It may be reasonable to assume that they all have 
similar temporal frequency bandwidths; then filters for 
lower spatial frequencies would tend to register faster 
speeds. Filters for lower spatial frequencies also provide 
for a larger stereo dmax (Richards & Kaye, 1974; Schor & 
Wood, 1983). The linear filter model could include low 
frequency filters that signal both faster speeds and larger 
disparities. 
Although there may be non-linear stimulus compo- 
nents involved (Ziegler & Hess, in press), at least some of 
the enhancement we found with speed may be explained 
within this framework of linear filters. For some very 
large disparities, only at the fastest speeds would it be 
possible for binocular correspondence to occur. That is, 
only high speeds change the effective disparity (Fig. 4) 
significantly with respect o the period of a low spatial 
frequency component (a disparity of about one-quarter 
cycle providing a relatively strong stereo signal). 
Speed enhancements to stereo depth might be 
described in a form such as: 
A(6, v) = ~ l / f  JD(t). Pf(6 - vt)dt, 
where A is perceived epth at a particular location, the 
summation is over the set of linear filters (each tuned to 
frequency f ) ,  v is speed, 6 is disparity, Pf is the binocular 
correspondence, and the integral is over the time period 
of a decay function D. 
Weighfings might only approximate l / f  This appears 
useful, however, not just because it corresponds to the 
spectra of natural images (Field, 1987). Motion displace- 
ments can shift some matches to the opposite direction in 
depth at some high frequencies. The weighting ensures 
that low frequencies dominate, as in a coarse-to-fine 
strategy (Marr & Poggio, 1979). 
Relevance to models of vergence 
As mentioned in the discussion, depth during coarse 
stereopsis declines at a few degrees, while the disparity of 
real objects continues to increase with their distance. 
Therefore, coarse stereo depth perception is not veridical. 
However, because it can provide depth robustly in terms 
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of  near to or far from fixation it is naturally associated 
with the vergence drive signal (Bishop & Henry, 1971). 
Depth signals from targets in the periphery can be used 
to guide the next vergence movement,  especial ly since 
vergence is s lower than saccades. An observer moving 
about in the natural environment wil l  be constantly 
fixating and re-fixating points of  interest at different 
depths. Since the larger the disparity, typical ly the faster 
the speed, that such depth can be made avai lable at large 
disparit ies by high speeds is consistent with the ecology 
(Fig. 1). 
Ecological and evolutionary perspectives 
That there have been few experiments examining the 
effect of speed on stereopsis may be, at least partially, 
because interpretations of a common model  of  the visual 
system's  functional organization have been too strict. 
Historical ly, emphasis has been on the central -per ipheral  
distinction, and that the pr imary purpose of  peripheral 
vision is to initiate saccades to bring the more developed 
central processes to bear. Indeed, fine sensitivities 
important to object identif ication such as 3-D shape from 
small amounts of  disparity, useful, for example,  to break 
camouflage, are best in the fovea and decline with 
eccentricity. We have, however, discussed a number of 
reports that with our own imply for some processes that 
there is a relative uniformity across the visual field once 
spatial scale is taken into account. 
It seems l ikely that areas sensitive to optic flow were in 
place before the evolution of  binocular vision, since the 
former provides powerful  monocular  information for the 
control of  locomotion (Gibson, 1979). Optic flow is 
part icularly useful because it is scaled to an organism's  
own movements in space while stereopsis is not 
(Richards, 1985). Yet optic flow is often ambiguous: 
while opponent-motion may provide depth, without other 
information, surfaces can reverse spontaneously as to 
which surface is seen as being in front of the other 
(Ziegler & Dowling, 1995). A monocular stimulus such 
as perspective can provide unambiguous depth-ordering 
to optic flow, but this may not always be rapid or strong. 
Stereopsis can provide strong ordering (Richards, 1985), 
"a more powerful  source of  disambiguat ing information" 
(Howard & Rogers, 1995, p. 439). 
Stereo depth in the periphery is no mere laboratory 
curiosity. Like optic flow (Lee, 1980), it has been shown 
to facil itate posture control (Fox, 1990). Since the 
periphery is relatively unexplored there is much more 
to discover egarding the ways optic flow and stereopsis 
combine to aid our actions in the world. 
REFERENCES 
van den Berg, A. V. & Brenner, E. (1994). Humans combine the optic 
flow with static depth cues for robust perception of heading. Vision 
Research, 3416, 2153-2167. 
Bishop, P. O. & Henry, G. H. (1971). Spatial vision. Annual Review of 
Psychology, 22, 119-160. 
Blakemore, C. (1970). The range and scope of binocular depth 
discrimination in man. Journal of Physiology, London, 211. 599- 
622. 
Cavanagh, P. (1992). Attention-based motion perception. Science, 
25711 Sept, 1563-1565. 
Crist, C. & Robinson, D. L. (1989). A large-field screen with even 
texture for vision research. Visual Neuroscience, 2, 415-417. 
Erkelens, C. J. & Collewijn, H. (1985). Eye movements and stereopsis 
during dichoptic viewing of moving random-dot s ereograms. Vision 
Research, 2511, 1689-1700. 
Field, D. J. (1987). Relations between the statistics of natural images 
and the response properties of cortical cells. Journal of the Optical 
Society of America A, 4, 2379-2394. 
Fox, C. R. (1990). Some visual influences on human postural 
equilibrium: binocular versus monocular fixation. Perception and 
Psychophysics, 475, 409-422. 
Gelman, R. S., Carl, J. R. & Miles, F. A. (1990). Short latency ocular- 
following responses in man. Visual Neuroscience, 5, 107-122. 
Gibson, J. J. (1979). The ecological approach to visual perception. 
Boston: Houghton Mifflin. 
van de Grind, W. A., Koenderink, J. J., van Doom, A. J., Milders, M. 
V. & Voerman, H. (1993). Inhomogeneity and anisotropies for 
motion detection in the monocular visual field of human observers. 
Vision Research, 338, 1089-1107. 
von Helmholtz, H. (1962). In Physiological optics, Trans. J. P. C. 
Southall, Vol. 3. New York: Dover. (Original work published 1866). 
Howard, I. P. & Ohmi, M. (1984). The efficiency of the central and 
peripheral retina in driving human optokinetic nystagmus. Vision 
Research, 2710, 1807-1816. 
Howard, I. P. & Rogers, B. J. (1995). Binocular vision and stereopsis. 
New York: Oxford University Press. 
Howard, I. P. & Simpson, W. A. (1989). Human optokinetic nystagmus 
is linked to the stereoscopic system. Experimental Brain Research, 
78, 309-314. 
Johnston, A. & Wright, M. J. (1986). Matching velocity in central and 
peripheral vision. Vision Research, 267, 1099-1109. 
Julesz, B. (1971). Foundations ofcyclopean perception. Chicago, IL: 
University of Chicago Press. 
Lee, D. N. (1980). The optic flow field: the foundation of vision. 
Philosophical Transactions ofthe Royal Society of London B, 290, 
169-179. 
Macmillan, N. A. & Creelman, C. D. (1991). Signaldetection theory: a
user's guide. New York: Cambridge University Press. 
Marr, D. & Poggio, T. (1979). A computational theory of human stereo 
vision. Proceedings ofthe Royal Society of London B, 204, 301-328. 
McKee, S. P. & Nakayama, K. (1984). The detection of motion in the 
peripheral visual field. Vision Research, 241, 25-32. 
Morgan, M. J. & Castet, E. (1995). Stereoscopic depth perception at 
high velocities. Nature, 378, 380-383. 
Morgan, M. J. & Tyler, C. W. (1995). Mechanisms for dynamic 
stereomotion respond selectively tohorizontal velocity components. 
Proceedings of the Royal Society of London B, 262, 371-376. 
Nakayama, K. (1977). Geometric and physiological spects of depth 
perception. In S. Benton (Ed.), Three-dimensional imaging, Vol. 20. 
Proceedings of the SPIE (pp. 2-9). Bellingham, WA. 
Nawrot, M. & Blake, R. (1991). A neural network model of kinetic 
depth. Visual Neuroscience, 6, 219-227. 
Nawrot, M. & Blake, R. (1993). On the perceptual identity of dynamic 
stereopsis and kinetic depth. Vision Research, 3311, 1561-1571. 
Nawrot, M. & Sekuler, R. (1990). Assimilation and contrast in motion 
perception: explorations in cooperativity. Vision Research, 3010, 
1439-1451. 
Norman, J. F. & Todd, J. T. (1995). The perception of 3-D structure 
from contradictory optical patterns. Perception and Psychophysics, 
576, 826-834. 
Ogle, K. N. (1952). On the limits of stereoscopic vision. Journal of 
Experimental Psychology, 44, 253-259. 
Petersik, J. T. (1996). The detection of stimuli rotating in depth amid 
linear motion and rotating distractors. Vision Research, 3615, 2271- 
2281. 
Poggio (1991 ). Physiological basis of stereoscopic vision. In D. Regan 
(Ed.), Vision and visual dysfunction, Vol. 9, Binocular vision (pp. 
224-238). London: Macmillan. 
LARGE SCALE STEREO, SPEED AND OPPONENT-MOTION 1209 
Rashbass, C. & Westheimer, G. (1961). Disjunctive ye movements. 
Journal of Physiology, London, 159, 339-360. 
Richards, W. (1971). Anomalous stereoscopic depth perception. 
Journal of the Optical Society of America, 613, 410--414. 
Richards, W. (1985). Structure from stereo and motion. Journal of the 
Optical Society of America A, 22, 343-349. 
Richards, W. & Kaye, M. G. (1974). Local versus global stereopsis. 
Vision Research, 14, 1345-1347. 
Rogers, B. & Collett, T. (1982). The appearance of surfaces pecified 
by motion parallax and binocular disparity. The Quarterly Journal of 
Experimental Psychology, 41A4, 697-717. 
Rogers, B. & Graham, M. (1982). Similarities between motion parallax 
and stereopsis nhuman depth perception. Vision Research, 22, 261- 
270. 
Roy, J.-P., Komatsu, H. & Wurtz, R. (1992). Disparity sensitivity of 
neurons in monkey extrastriate area MST. The Journal of 
Neuroscience, 127, 2478-2492. 
Schor, C. M. & Wood, I. (1983). Disparity range for local stereopsis as 
a function of luminance spatial frequency. Vision Research, 23, 
1649-1654. 
Siderov, J. & Harwerth, R. S. (1995). Stereopsis, patial frequency, and 
retinal eccentricity. Vision Research, 3516, 2329-2337. 
Stevenson, S. B., Cormack, L. K. & Schor, C. M. (1994). The effect of 
stimulus contrast and interocular correlation on disparity vergence. 
Vision Research, 343, 383-396. 
Tyler, C. W. (1990). A stereoscopic view of visual processing streams. 
Vision Research, 3011, 1877-1895. 
Tyler, C. W. (1991). Cyclopean vision. In D. Regan (Ed.), Vision and 
visual dysfunction, Vol. 9, Binocular vision (pp. 38-71). London: 
Macmillan. 
Tyler, C. W. & Julesz, B. (1980). On the depth of the cyclopean retina. 
Experimental Brain Research, 40, 196-202. 
Uomori, K. & Nishida, S. (1994). The dynamics of the visual system in 
combining conflicting KDE and binocular stereopsis cues. Percep- 
tion and Psychophysics, 555, 526-536. 
Wallach, H. & O'Connell, D. N. (1953). The kinetic depth effect. 
Journal of Experimental Psychology, 45, 205-217. 
Waugh, S. & Hess, R. (1994). Suprathreshold temporal-frequency 
discrimination i the fovea and the periphery. Journal of the Optical 
Society of America, 114, 1199-1212. 
Westheimer, G. & McKee, S. P. (1978). Stereoscopic acuity for 
moving retinal images. Journal of the Optical Society of America, 
684, 450-455. 
Westheimer, G. & Tanzman, I. J. (1956). Qualitative depth localization 
with diplopic images. Journal of the Optical Society of America, 
462, 116--117. 
Whiteside, T. C. D. & Samuel, G. D. (1970). Blur zone. Nature, 
London, 225, 94-95. 
Wilson, H. R. (1991). Psychophysical models of spatial vision and 
hyperacuity. In D. Regan (Ed.), Spatial vision (pp. 64-86). Boca 
Raton, FL: CRC Press. 
Wyatt, H. J., Pola, J. & Lustgarten, M. (1988). "Passive suppression" 
of optokinesis by stabilized targets. Vision Research, 289, 1023- 
1029. 
Ziegler, L. R. & Dowling, W. J. (1995). The hierarchical nature of 
perceiving direction of motion in depth from optic flow. Vision 
Research, 3510, 1435-1446. 
Ziegler, L. R. & Hess, R. F. (1997). Linear and non-linear stereoscopic 
contributions distinguished by task. Investigative Ophthalmology 
and Visual Science (Supplement), 384, $906. 
Ziegler, L. R. & Hess, R. F. (In press). Depth during diplopia is direct. 
Perception. 
Acknowledgements--We ar  grateful for helpful comments by the 
reviewers and to our observers. Thanks also to Geraldine Beland and to 
Edward Puodziunas for their contributions. Helpful discussions and 
advice came from members of the McGill Vision Research Unit, 
especially Robert Hess. Grant support was provided by the Howard 
Hughes Medical Institute. 
